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identify the plant immunity systems
that facilitate sesquiterpene and lignan
biosynthesis in Syringa pinnatifolia Hemsl.
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Abstract

Background: Syringa pinnatifolia Hemsl. is a shrub belonging to the Oleaceae family. The peeled woody stems and
roots of S. pinnatifolia are used in Chinese traditional medicine. This plant has been used for centuries, and modern
pharmacological research has revealed its medicinal value. However, the wild populations of S. pinnatifolia have been
decreasing, and it has been listed as an endangered plant in China. To elucidate the molecular mechanism leading
to the synthesis of the major components of S. pinnatifolia for its further development and sustainable use, this study
compared peeled stems and twigs at the metabolic and molecular levels.

Results: Peeled stems with the purple substance visible (SSP) and peeled twigs without the purple substance (TSP)
were compared at different levels. Microscopic observation showed resin-like fillers in SSP and wood fiber cell walls
approximately 1.0 um thicker than those in TSP (wood fiber cell thickness approximately 2.7 um). In addition, 104
volatile organic compounds and 870 non-volatile metabolites were detected in the non-targeted and widely-targeted
metabolome analyses, respectively. Among the 76 differentially accumulated metabolites (DAMs) detected, 62 were
up-accumulated in SSP. Most of these DAMSs were terpenes, of which 90% were identified as sesquiterpenes in the
volatile organic compound analysis. In the analysis of the non-volatile metabolites, 21 differentially accumulated
lignans were identified, of which 18, including five subtypes, were accumulated in SSP. RNA sequencing revealed
4,421 upregulated differentially expressed genes (DEGs) and 5,522 downregulated DEGs in SSP compared with TSP,

as well as 33,452 genes that were not differentially expressed. Analysis of the DEGs suggested that sesquiterpenes

and lignans were mostly biosynthesized via the mevalonate and phenylpropanoid pathways, respectively. Addition-
ally, in SSP, the enriched Gene Ontology terms included response to biotic stimulus and defense response, while the
enriched Kyoto Encyclopedia of Genes and Genomes pathways included plant-pathogen interaction and many other
pathways related to plant immunity.

Conclusions: This study provides metabolome and transcriptome information for S. pinnatifolia, suggesting that
biotic stimuli, including pathogens, are potential and valuable approaches to promoting the biosynthesis of the
metabolites linked to the medicinal properties of this plant.
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Background

Syringa (Lilac), a popular genus of ornamental flower-
ing woody plants, is widely cultivated in Europe, Asia,
and America [1]. Syringa pinnatifolia Hemsl., a species
endemic to China, is not only a garden plant but also a
traditional medicinal herb used in the northwest part of
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China, especially in Inner Mongolia [2] (Fig. 1A). After
pruning the plant to discard the thin twigs and lateral
roots, the peeled woody parts of mature S. pinnatifolia
are acquired, including the thick stems and roots with the
purple substance visible on the inside, which are called
“Shanchenxiang” (SCX) in Chinese. This name is similar
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Fig. 1 Phenotypical and morphological analyses of the plant materials. A Whole S. pinnatifolia. B Thick stems of S. pinnatifolia with the purple
substance visible (SSP). C Thin twigs of S. pinnatifolia without the purple substance (TSP). D Transverse (top), radial (middle), and tangential (bottom)
sections of SSP. E Transverse (top), radial (middle), and tangential (bottom) sections of TSP. F The distribution of wood fiber cell wall thickness in SSP
and TSP. The rhombi in boxplots indicate outliers, and the red dotted lines indicate the average values. (Ve, vessel;, WF, wood fiber cell; XR, xylem ray)
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to the Chinese name for agarwood (Chenxiang) [2, 3]
and this material can indeed be used as a substitute for
agarwood in some prescriptions of traditional Mongolian
medicine [2]. Some studies have explored the compo-
nents and pharmacological effects of S. pinnatifolia and
have revealed that terpenes, especially sesquiterpenes
and lignans, are the main types of chemicals in this plant
[4] that cause a series of pharmacological effects. For
example, the sesquiterpenes extracted from S. pinnati-
folia, including (+)-alashanoid E, (£)-alashanoid F, and
zerumbone, can exert cardioprotective effects [5], while
guai-9-en-43-ol and 14,15-dinorguai-1,11-dien-9,10-di-
one have antibacterial properties against Bacillus coagu-
lans and Escherichia coli [6]. Lignans like noralashinol B
can induce apoptosis of HepG2 cells [7], and sanshodiol
and alashinols A and D have anti-inflammatory effects
[8]. However, the mechanism leading to these properties
of SCX remains undisclosed.

Terpenes are the largest class of small-molecule natu-
ral chemicals [9], and they can be biosynthesized in
the mevalonate (MVA) and 2-C-methyl-D-erythritol
4-phosphate (MEP) pathways [10]. According to previ-
ous studies, 3-hydroxy-3-methylglutaryl-CoA reduc-
tase (HMGR), the enzyme that synthesizes MVA, is the
rate-limiting enzyme in the MVA pathway [11]. One
of the rate-limiting enzymes in the MEP pathway is
1-deoxy-d-xylulose 5-phosphate synthase (DXS) [12],
which produces 1-deoxy-D-xylulose 5-phosphate (DXP)
via the condensation of pyruvate and glyceraldehyde-
3-phosphate (GA-3P) [13, 14]. The gene coding for DXP
reductoisomerase (DXR) also has a rate-limiting func-
tion in the MEP pathway [15], in addition to influencing
the development of Arabidopsis [16]. Sesquiterpene syn-
thases play an important role in the synthesis of sesquit-
erpenes using farnesyl diphosphate (FPP) as the substrate
[10], and their products vary depending on the charac-
teristics of the different sesquiterpene synthases [17].
Lignans are phenylpropanoid dimers that are widely dis-
tributed in plants [18]. They are synthesized through the
phenylpropanoid pathway [19] in which phenylalanine
ammonia lyase (PAL) and dirigent protein (DP) partici-
pate [18]. PAL is a rate-limiting enzyme in the phenylpro-
panoid pathway and serves as a link between primary and
secondary metabolism [20]. As an asymmetric inducer,
DP can induce the production of pinoresinol, an impor-
tant intermediate in lignan biosynthesis [21]. Although
the biosynthesis of sesquiterpenes and lignans has been
extensively studied, the molecular mechanisms responsi-
ble for the biosynthesis and regulation of sesquiterpenes
and lignans in S. pinnatifolia remain unclear.

The plant immunity system produces chemicals for
defense and resistance [22], and sometimes immune-
related genes can be transferred to the progeny to
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facilitate their adaptation to the environment [23]. The
defensive chemicals produced and stored constitutively
in plant tissues are called phytoanticipins [24], whereas
the compounds formed de novo for defense against
pathogen invasion are defined as phytoalexins [25].
The regulation of the plant immunity system has been
engineered to facilitate the production of phytoalexins
[26]. During the production of downstream metabo-
lites, signaling processes, including the mitogen-acti-
vated protein kinase (MAPK) cascade [27] and reactive
oxygen species (ROS) production [28], are activated
upstream. Transcription factors, such as those from the
WRKY, AP2/ERF, and NAC families, which are acti-
vated by phosphorylation [29-31], can facilitate the
expression of synthase genes to promote the biosynthe-
sis of secondary metabolites, including sesquiterpenes
[32]. For instance, a study on cotton showed that a fun-
gal elicitor preparation could promote the expression
of WRKY1 in this plant to increase the upregulation of
CADI-A encoding (+)-d-cadinene synthase and facili-
tate the production of sesquiterpenes [33]. Research
on capsidiol, which is a sesquiterpenoid phytoalexin,
showed that this compound is highly accumulated in
defense against Alternaria alternata through the reg-
ulation of an ethylene response factor 2 (ERF2)-like
transcription factor [34]. However, whether the plant
immunity system could function in the production of
terpenes and lignans in S. pinnatifolia has not yet been
reported.

Resources of S. pinnatifolia are limited in China, and
the plant has been on the list of Chinese rare and endan-
gered plants since the 1980s [35]. Based on its medicinal
value and rarity, it is necessary to clarify the mechanism
of SCX production to guide its use and cultivation.
Because root logging would kill the plant and accelerate
the reduction of wild populations, stems and twigs have
become the only available woody parts in recent years. In
the present study, we collected as contradistinctive sam-
ples, peeled stems of S. pinnatifolia with the purple sub-
stance visible (SSP), in keeping with the requirement for
medicinal use, and peeled twigs of S. pinnatifolia with-
out the purple substance (TSP), which do not meet the
medicinal requirement [2]. Microscopic observations
showed significant histological differences between the
two groups of samples. In the analyses of volatile and
non-volatile metabolomes, there were significant differ-
ences in the major active components of SSP and TSP,
including sesquiterpenes and lignans. Finally, we ana-
lyzed the expression pattern of genes related to the bio-
synthesis pathways of sesquiterpenes and lignans, and
proposed a hypothesis about the immunity system of S.
pinnatifolia based on transcriptome data. The results
presented here create a foundation for research on
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improving the quality and utilization of this medicinal
plant.

Results

Phenotypes and microscopic observations of SSP and TSP
The most significant feature traditionally used to deter-
mine the quality of medicinal S. pinnatifolia is the pres-
ence of a dark-purple substance distributed within
its stems (Fig. 1B, C). In addition, Safranin O staining
revealed other characteristics differentiating SSP and
TSP (Fig. 1D and E). In SSP, some xylem rays and vessels
were filled with yellow resin-like substances (Fig. 1D),
which were not observed in TSP (Fig. 1E). Furthermore,
in both SSP and TSP, the structures, including wood fiber
cells, xylem rays, and vessels, were lignified. Based on the
measurement of the microscopic structures in transverse
sections, the average thickness of wood fiber cell walls
was 3.7 um in SSP and 2.7 um in TSP. A P-value of less
than 0.001 indicated that this difference in average thick-
ness was significant (Fig. 1F).

Analysis of volatile organic compounds related

to sesquiterpenes in S. pinnatifolia

To profile the metabolic differences in volatile organic
compounds between SSP and TSP, headspace-solid-
phase microextraction-gas chromatography-mass spec-
trometry (HS-SPME-GC-MS) was used for non-targeted
metabolome analysis. Across all samples, 104 volatile
metabolites were detected using the electron impact (EI)
ionization mode (Table S1). The overlapping total ions
current (TIC) of the quality control (QC) mixtures (Fig
S1), as well as the results of the principal component
analysis (PCA) and orthogonal partial least squares-dis-
criminant analysis (OPLS-DA) (Fig S2), confirmed that
the quality of the data was good.

Of the 104 volatile metabolites detected, 55 were ter-
penes (Fig S3 and S4). Furthermore, nine aldehydes,
alkanes, and ketones were detected, which was less than
the number of terpenes (Fig S4). There were 76 differ-
entially accumulated metabolites (DAMs) between SSP
and TSP, of which 62 were found in SSP (Fig S3). Most of
the DAMs were terpenes that accumulated more in SSP
than in TSP, with a great proportion of up-accumulated
DAMs (Figs. 2A and S3). As shown in Fig. 2A, 90% of
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the terpenes were sesquiterpenes belonging to 13 struc-
tural subtypes, including aristolane, aromadendrane,
bisabolane, cadinane, caryophyllane, eremophilane,
eudesmane, germacrane, guaiane, humulane, santalane,
triquinane, B-dihydroagarofuran; a few diterpenes and
monoterpenes were also found. Statistically, the two most
abundant types of sesquiterpenes were eudesmanes and
cadinanes, with seven and five metabolites, respectively.
According to the distribution of the log2 fold-change
(log,FC) values, germacrone, belonging to the germacrane
type, was the metabolite with the largest value (27.274).
However, isolongifolene, 4,5-dehydro- had the highest
variable importance in projection (VIP) value (1.089) and
the lowest false discovery rate (FDR) and P-value com-
pared with those of other up-accumulated sesquiterpenes
in SSP (Table S2), thereby revealing the potential effect
of the two sesquiterpenes to differentiate SSP and TSP.
According to a previous report [36], zerumbone is the
humulane-type sesquiterpene with the highest content
in volatile oils from S. pinnatifolia. Zerumbone was also
detected in this experiment, with greater accumulation in
SSP than in TSP (Fig. 2A; Table S2).

Only three terpenes, including an aromadendrane-type
sesquiterpene and two monoterpenes, were down-accu-
mulated in SSP (Fig. 2A). The down-accumulated aroma-
dendrane-type sesquiterpene was ledane (XMW0195),
which has a structure similar to that of ledol (XMW0027),
another aromadendrane-type sesquiterpenoid that accu-
mulated in SSP. The difference between the two is that
ledol has an extra hydroxyl group (Fig. 2A; Table S2).

Analysis of non-volatile organic compounds related

to lignans in S. pinnatifolia

Because some compounds, such as triterpenes and lig-
nans, can hardly be detected using the same method as
that of volatile organic compounds, ultra-high-perfor-
mance liquid chromatography quadrupole trap tandem
mass spectrometry (UHPLC-QTRAP-MS/MS) was
applied in a widely targeted metabolome analysis. There
were 870 metabolites; 402 of these metabolites were
detected and identified in the positive ionization mode,
468 in the negative ionization mode, and 765 identified
without isomers (Table S3). Based on the results of the
overlapping TIC of the QC samples (Fig S5) and cluster

(See figure on next page.)

(darker red) or higher down-accumulation (darker blue)

Fig. 2 Distribution of differentially accumulated metabolites (DAMs) in the non-targeted and widely targeted metabolomes. A Differentially
accumulated terpenes in non-targeted metabolome. B Differentially accumulated phenolic acids in widely targeted metabolome. C Differentially
accumulated lysophospholipids, including lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE), in widely targeted
metabolome. D Differentially accumulated terpenes in widely targeted metabolome. E Differentially accumulated lignans in widely targeted
metabolome. F Hypergeometric distribution of the main classes of DAMs. The darker red color indicates a larger value of -log,,(FDR) and higher
significance of the terms, whereas the darker blue color indicates the opposite. The other gradient color bar indicates higher up-accumulation
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analyses, including PCA and OPLS-DA (Fig S6), the qual-
ity of the widely targeted metabolome data was consid-
ered reliable.

Phenolic acids and lipids were the two most abundant
classifications of DAMs (Fig S7). The number of up- and
down-accumulated phenolic acids was 40 and 44, respec-
tively (Fig. 2B). Meanwhile, the main types, including
C6-C1 and C6-C3, accounted for 38% and 44%, respec-
tively, of the differentially accumulated phenolic acids.
However, there was no statistical significance between
up- and down-regulated phenolic acids according to the
hypergeometric distribution (Fig. 2F). Additionally, 40%
of the differentially accumulated lipids could be classified
as lysophospholipids, and all detected lysophosphatidyl-
choline (LPC) and lysophosphatidylethanolamine (LPE)
belonging to lysophospholipids showed higher con-
tents in SSP than in TSP, with an average log,FC of 3.69
(Fig. 2C).

As important compounds in S. pinnatifolia, most of the
terpenes were identified as triterpenes without volatility
using the widely targeted metabolome and a differential
analysis compared with those of the non-targeted metab-
olome (Fig. 2D). Ursane-type triterpenes accounted for
the largest number of triterpenes detected, most of which
accumulated in SSP. Thus, it was clear that volatile ter-
penes in the non-targeted metabolome were more abun-
dant (Fig. 2A, D). Lignans are also an important class of
chemicals with pharmacological effects in S. pinnatifolia,
and most of them accumulated in SSP (Fig. 2E). The lig-
nans in the DAMs contained a variety of basic skeletons,
such as aryltetralin, dibenzylbutane, dibenzylbutyrolac-
tone, furan, and furofuran.

Moreover, the contents of flavonoids, nucleotides,
amino acids, and their derivatives were downregulated
in SSP with statistical significance based on the hyper-
geometric distribution (Fig. 2F). Overall, except for the
volatile terpenes, which were the most significant class
of compounds accumulated in SSP, the significantly
downregulated chemical classes were all non-volatile
substances. Nevertheless, lipids, lignans, and coumarins
were other groups of non-volatile organic compounds
that also accumulated in SSP (Fig. 2F).

Profiles of RNA sequencing and transcriptome differences
between SSP and TSP

Through RNA sequencing technology, clean reads with
at least 6 G-bases across all S. pinnatifolia samples were
acquired after screening, and their error rates were no
more than 3% (Table S4). Moreover, the values of Q20
and Q30 of the sequencing data all exceeded 92%, with
GC contents between 40% and 50% (Table S4). These
indices verified the quality of the sequencing data. Subse-
quently, the clean reads were assembled into transcripts
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with the N50 of 1,532 nucleotides; other detailed param-
eters are summarized in Table S5. In addition, the sam-
ples were grouped into two clusters according to the PCA
and OPLS-DA plots (Fig S8). Gene functional annotation
was performed using the NCBI non-redundant protein
sequences (NR), NCBI nucleotide sequences (NT), Pfam,
SwissProt, Kyoto Encyclopedia of Genes and Genomes
(KEGG), Gene Ontology (GO), and Clusters of ortholo-
gous groups for eukaryotic complete genomes (KOG)
databases. A total of 99,195 genes were annotated in at
least one of these databases (Fig S9).

Differentially expressed genes (DEGs) were screened
under the negative binomial generalized log-lin-
ear model. Genes whose expression value in a group
was larger than that in the other group by FC>2 and
FDR<0.05 were considered as DEGs. Setting TSP as the
baseline, 4,421 DEGs were upregulated in SSP, while the
number of downregulated DEGs was 5,522. In addition,
33,452 genes without significant differences in expression
were identified (Fig S10).

Overrepresentation analyses of DEGs and verification
using quantitative reverse transcription-PCR (qRT-PCR)

To profile the DEGs in S. pinnatifolia, overrepresentation
analyses, including GO and KEGG enrichment analyses,
were performed (Fig. 3A, B). The most significant biolog-
ical process (BP) term that was upregulated in SSP was
“protein phosphorylation,” indicating that this process
may be more widespread in this group than in TSP. The
second most important BP term was “response to biotic
stimulus,” and it may be a clue for environmental stress
in SSP. In addition, the significant cellular component
(CC) terms presented in Fig. 3A show that the molecular
activities should be more active in the transcription fac-
tor complex and intracellular areas of SSP than in those
of TSP. As an example, the most significant upregulated
BP term in TSP was “photosynthesis,” showing a differ-
ence between SSP and TSP (Fig S11A).

There were more KEGG pathways enriched in upreg-
ulated DEGs in SSP than in those in TSP (Fig. 3B and
S11B). Similar to GO enrichment, pathways involved in
secondary metabolite biosynthesis were more active in
SSP than in TSP (Fig. 3B). In particular, many up-regu-
lated pathways in SSP were related to the biosynthesis
of terpenes, such as “terpenoid backbone biosynthesis,’
“monoterpenoid biosynthesis,” “diterpenoid biosynthe-
sis,” and “sesquiterpenoid and triterpenoid biosynthe-
sis,” as well as there were some pathways involved in
lignan biosynthesis, such as “phenylpropanoid biosyn-
thesis” and “phenylalanine metabolism’, of which “phe-
nylpropanoid biosynthesis” was the most significant
(Fig. 3B). In addition, the “plant-pathogen interaction”
pathway was significantly enriched (Fig. 3B), and it
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could be related to stress according to the GO enrich-
ment (Fig. 3A). Apart from the pathways upregulated

of starch and sucrose metabolism in TSP may be related
to the activity of the photosystem in this group.

in SSP, the pathways upregulated in TSP showed that

the most significant pathway was “photosynthesis” (Fig
S11B), which was similar to the GO enrichment results
(Fig. 3A). Additionally, the upregulation of the pathway

To confirm the reliability of the overrepresentation
analysis and transcriptome data, qRT-PCR was con-
ducted on 16 selected DEGs. The selected DEGs denoted

seven representative pathways that were significantly
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up- or downregulated (Fig. 3C), including the “phenyl-
propanoid biosynthesis” and “photosynthesis” pathways,
which were the most significant in SSP and TSP, respec-
tively (Fig. 3B and S11B). Based on the transcriptome
data, the genes upregulated in SSP were approximately
7.6 times more highly expressed in SSP than in TSP, as
indicated by the qRT-PCR results (Fig. 3D). Additionally,
the genes upregulated in SSP showed approximately 4.4
times lower expression in TSP, based on the results of
qRT-PCR, except for LHCA4, whose expression was not
detected in TSP samples (Fig. 3E). The above-mentioned
results proved the reliability of the transcriptome data.

Biosynthetic pathways of sesquiterpenes and lignans

According to a previous study [4] and our metabo-
lome data (Fig. 2), terpenes, particularly sesquiterpe-
nes, are important factors affecting the medicinal value
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of S. pinnatifolia. To reveal the characteristics of the
molecular biosynthesis pathway of sesquiterpenes, the
DEGs associated with terpenoid backbone biosynthe-
sis and downstream pathways were analyzed (Fig. 4A).
We found that most DEGs in the MVA pathway, includ-
ing HMGR with its key rate-limiting ability, showed
approximately six times higher expression in SSP than
in TSP based on the qRT-PCR data (Fig. 3D). This is
despite the non-significant difference in the expres-
sion of PMK in this pathway (Fig. 4A). This evidence
suggested that the MVA pathway is dominant in the
biosynthesis of sesquiterpenes in SSP. Additionally,
29 DEGs were annotated as potential sesquiterpene
synthase genes, of which 21 were upregulated in SSP
(Table S6). The most significant potential sesquiter-
pene synthase genes encoded premnaspirodiene oxy-
genase and vetispiradiene synthase. These enzymes are
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involved in the biosynthesis of spirovetivane-type ses-
quiterpenes, which were not detected in our metabo-
lome analyses (Fig. 2A, D).

Regarding the biosynthetic pathway of lignans in S.
pinnatifolia, almost all DEGs were upregulated in SSP,
except for 4CL and COMT (Fig. 4B). In particular, PAL,
which encodes the enzyme that catalyzes the first and
rate-limiting step in the phenylpropanoid pathway,
was more highly expressed (by approximately 22 times)
in SSP than in TSP according to the qRT-PCR results
(Fig. 3D). This demonstrated that the pathway for lignan
biosynthesis was very active in SSP. In fact, the upstream
pathway of lignan biosynthesis was similar to that of
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lignin biosynthesis [37], which may explain the hardness
of the woody stem of mature S. pinnatifolia plants.

Gene expression of the DEGs involved in plant immunity

The plant-pathogen interaction pathway was significant
in both SSP and TSP (Fig. 3B and S11B), indicating the
importance of biotic stress. As an important part of the
signaling process under biotic stress [27], there were
13 DEGs encoding MAPKs, 10 of which were upregu-
lated in SSP (Fig. 5A). Based on the DEG analysis using
edgeR, MAPK9Y(2) was the DEG with the highest log,FC
value (6.82) and the lowest FDR value among differ-
entially expressed MAPKs (Table S7). In addition, all
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downregulated MAPKs in SSP were ranked among the
bottom three owing to their FDR values, with a lower
significance than that of the upregulated MAPKs. Most
of the AP2/ERF and WRKY transcription factors that
are important in the MAPK cascade and its downstream
regulation [29, 38] were upregulated in SSP (Fig. 5B). In
particular, the AP2/ERF and WRKY transcription fac-
tors were the top two differentially expressed transcrip-
tion factors, and only one WRKY was downregulated in
SSP (Fig. 5B and S12), implying that they are important
in SSP.

Concerning the DEGs encoding pathogenesis-related
(PR) proteins, except for one gene belonging to the PR1
subfamily, 13 PRs were upregulated in SSP (Fig. 5C).
Among the differentially expressed PRs, PR3(2) was listed
first, presenting the highest log,FC value (10.11) as well
as the lowest FDR (Table S8). Furthermore, the only
downregulated gene had the second highest FDR value
compared with those of the other PRs. In addition, of the
28 nucleotide-binding leucine-rich repeat (NB-LRR or
NLR) genes, which are typical plant resistance (R) genes,
22 were downregulated in SSP (Fig. 5D) showing a differ-
ent pattern from that of the PRs.

Discussion

According to recent studies, many new sesquiterpenes
and lignans have been identified in S. pinnatifolia [8, 39,
40]. Therefore, this woody plant is a valuable resource
for discovering new compounds, especially sesquiterpe-
nes and lignans, which may be regarded as potentially
important chemicals in the development of medicines
because of their abundance in S. pinnatifolia [4]. To
determine the profile of the metabolites, especially ses-
quiterpenes and lignans, in the production of high-qual-
ity SCX, a metabolome analysis was performed (Fig. 2).
Sesquiterpenes and lignans were the major volatile and
non-volatile compounds because they accumulated in
greater concentrations in SSP than in TSP (Fig. 2A, E,
F). The types of sesquiterpenes varied, but there was no
dominant type in terms of quantity in significant DAMs.
Although zerumbone was the most abundant component
in volatile oils based on a previous report [36], it was not
the most significant sesquiterpene despite its differen-
tial accumulation in SSP and TSP, suggesting that some
other sesquiterpenes may have more significant effects
and that the sesquiterpenes in SCX may be more active
as mixtures. Regarding triterpenes, belonging to terpe-
nes, the ursane-type was the main up-accumulated DAM
(Fig. 2D), suggesting another direction to study non-vol-
atile terpenes. Thus, the separation and identification of
potential chemicals are still valuable tools in improving
modern medicine.
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Apart from sesquiterpenes and lignans, lipids were also
significantly up-accumulated in SSP (Fig. 2F). The yellow
resin-like substance in SSP (Fig. 1) may be a mixture of
these metabolites, especially of the lysophospholipids
containing LPC and LPE, of which the LPE were more
up-accumulated in SSP than in TSP (Fig. 2C). Accord-
ing to previous studies, the content of LPC is often low
in plants, but it increases under some special condi-
tions, such as freezing stress [41]. Furthermore, LPC can
activate some signal transductions to influence stress
responses [42, 43]. Therefore, lipids, especially LPC,
should be active in the production of high-quality S. pin-
natifolia, and this process may be related to environmen-
tal stress because this plant grows at high altitudes [44].

The proposed biosynthesis processes of sesquiterpenes
and lignans using RNA sequencing are illustrated in Fig. 4.
In the biosynthesis of terpenes, the MVA and MEP path-
ways are two important upstream pathways that occur in
the cytoplasm and plastids, respectively [45]. For sesquit-
erpenes, it was clear that the main upstream pathway in
SSP was the MVA pathway, which is a common pathway
in the biosynthesis of sesquiterpenes, sterols, triterpenes,
and their derivatives in plants [46]. Generally, monoterpe-
nes, diterpenes, and tetraterpenes are synthesized via the
MEP pathway [46], and this may explain why most of the
terpenes were sesquiterpenes, followed by some triterpe-
nes. Regarding their physiological effects on plants, ses-
quiterpenes are effective in the defense against biotic and
abiotic stresses, thereby protecting the plants [47]. For
example, (E)-B-farnesene can be produced in Arabidopsis
thaliana to repel the green peach aphid [48], and nema-
todes are attracted by the (E)-S-caryophyllene emitted
from maize to attack insect larvae, thereby protecting the
roots [49]. By taking advantage of these characteristics,
many studies have been conducted to increase the yield
of sesquiterpenes. For instance, researchers have adopted
various methods, including mechanical wounding, bio-
logical inoculation, and chemical stimulation, to facilitate
the formation of these chemicals in agarwood, which has
sesquiterpenes as major effective components [50].

Lignan is another important component of S. pinnatifo-
lia, although research has only identified the biosynthesis
pathways of a few lignans [37]. The upstream pathways
of lignan and lignin biosynthesis are similar according to
previous reports [37], and both compounds are impor-
tant in defense responses. Lignin is a major component
of the cell wall of vascular plants and can facilitate ligni-
fication to allow plants to defend against external attacks
[51]. Lignans also play a role in defense; for example, they
can act as antifeedants and inhibit insect feeding inva-
sions [52]. Some researchers have claimed that the induc-
tion of cinnamyl alcohol dehydrogenase (CAD), with
catalytic capacity in the biosynthesis of lignin and lignan,
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could be treated as a universal marker of plant defense
[53]. The two differentially expressed CADs, as well as
the PALs, which are also well-recognized genes involved
in pathogen defense [54], were all upregulated in SSP
(Fig. 4B).

Protein phosphorylation is a type of post-translational
modification involved in the plant immunity system
in response to pathogens [55], and it was also the most
significant BP term in SSP (Fig. 3A). When plants are
invaded by pathogens, MAPKs are activated to trigger
the MAPK cascade after the phosphorylation of pattern
recognition receptors (PRRs), such as FLS2, BKA1, and
their complexes in A. thaliana [56, 57] with the aim of
plant protection [27]. Previous studies have shown that
AP2/ERF and WRKY transcription factors play impor-
tant roles in the connection of the pathogen-activated
MAPK cascade with downstream reactions of transcrip-
tion [29, 38]. For example, two identified AP2/ERFs could
promote the expression of ADS and CYP71AV1, which
are key genes in the biosynthesis of artemisinin, a well-
known and important sesquiterpene used in the treat-
ment of malaria [58]. [i049, belonging to the AP2/ERF
family, could bind to the coupled elements of PAL and
CCR to facilitate lignan biosynthesis in Isatis indigotica
[59]. WRKY is another transcription factor family that
regulates germination; senescence; development; biotic
and abiotic stresses [60]; and the biosynthesis of three
major classes of metabolites, namely, phenylpropanoids,
alkaloids, and terpenes [61]. Similar to the AP2/ERFs, a
WRKY family transcription factor (AaGSWI) could reg-
ulate CYP71AVI and AaORA expression to increase the
yield of artemisinin and dihydroartemisinic acid in Arte-
misia annua [62]. Furthermore, in the study of L indig-
otica, IiWRKY34 could regulate lignan biosynthesis and
stress tolerance [63].

In addition, PR genes are a downstream indicator of
the activation of plant immunity [64]. According to our
results (Fig. 5A—C), most of the above-mentioned genes
were upregulated in SSP. In addition, based on previous
research on 16 S rDNA amplicon sequencing of S. pin-
natifolia, wild woody stems showing the purple sub-
stance had more diverse bacterial species than samples
without the purple substance [65]. These findings show
that pathogen stimulus and the plant immunity system
are important for the formation of SCX.

In plant immunity, there are two main mechanisms,
microbial-associated molecular pattern-triggered immu-
nity (MTI) and effector-triggered immunity (ETI). Some
downstream responses of MT1, such as the MAPK cascade
and the activation of PR genes, overlap with those of ETI
[23]. In the ETT approach, NLR genes, which comprise the
largest family of plant resistance genes, elicit ETI to resist
pathogen invasion [66, 67]. However, the differentially
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expressed NLRs showed a different pattern from that of
other DEGs, such as MAPKs or PRs. Therefore, ETI may
be in an auxiliary position for response in SSP.

By integrating the results of this study, a hypothetical
diagram for the production mechanism of high-quality
SCX is provided in Fig. 5E. Additionally, we found that
there was an area suspected to have been invaded and
damaged by pathogens in the SSP section, and the nearby
area showed a deeper purple color than did other areas
(Fig. 5E). This suggested that the purple area may be a
site of pathogen invasion, corresponding with the tra-
ditional method [2] used to single out the high-quality
medicinal SCX. Taken together, our results allowed us
to hypothesize that the process of high-quality SCX pro-
duction starts from pathogen invasion, followed by MTI
initiation when the PRR signaling, such as phosphoryla-
tion, and the MAPK cascade are activated to promote the
expression of transcription factors from the WRKY and
AP2/ERF families and some pathogenesis-related genes.
Finally, the biosynthesis pathways of secondary metabo-
lites, including volatile sesquiterpenes, non-volatile lig-
nans, and some lignins, are upregulated to promote the
production of these metabolites in the plant’s defense
against pathogens. The ETI system may be an auxiliary
defense mechanism, and pathogenesis-related proteins
would also be effective in the defense against pathogens
[64]. High-quality SCX is produced in the perennial
defense process.

It should be clear that the factors influencing the
development and metabolism of plants, such as light,
temperature, soil, and humidity, affect the expression
of HMGR in S. pinnatifolia. Our previous study showed
that low temperatures increase HMGR expression in
S. pinnatifolia [68]. In the present study, the interac-
tion of metabolite characteristics and the expression
of some typical genes associated with plant immunity
suggested that biotic stimulus, including pathogens and
bacteria as referred to in a previous study [65], would
be a potential and feasible approach to accelerate the
accumulation of sesquiterpenes and lignans in the cul-
tivation of S. pinnatifolia.

Conclusions

Syringa pinnatifolia is not only a garden plant, but it
is also an endangered traditional herb in China. To the
best of our knowledge, prior to this study, metabolic
comparisons and transcriptome analyses of this shrub
have not yet been reported. In the present study, histo-
logical comparisons revealed the characteristics of the
medicinal and non-medicinal parts of S. pinnatifolia.
Focusing on the formation mechanism of the effective
metabolites in S. pinnatifolia, we clarified the profile
of the major metabolites, including sesquiterpenes and
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lignans, as well as their subtypes. After RNA sequenc-
ing, the proposed biosynthesis pathways of sesquit-
erpenes and lignans were described. While the MVA
pathway was the main approach to synthesize sesquit-
erpenes, lignans were produced by the phenylpropanoid
pathway. Based on the information on the phytoalexins
in S. pinnatifolia and on the expression of the genes
associated with plant immunity, we hypothesized that
pathogen induction may be an important factor influ-
encing the biosynthesis of the major metabolites,
including sesquiterpenes and lignans, and that it would
trigger the immune system, especially MTI, as a poten-
tial way to activate a series of regulations to produce
those metabolites. These findings provide new insights
into the molecular mechanism of sesquiterpene and lig-
nan biosynthesis and are useful in the further develop-
ment and protection of S. pinnatifolia.

Materials and methods

Plant materials

The peeled stems and twigs of S. pinnatifolia (SSP and
TSP) were collected from Xiazi Gully in Mount Helan
Nature Reserve (N38°29/32”, E105°50'2"), at an altitude
of approximately 1900 m, in Inner Mongolia, China. The
average annual precipitation in the sampling area is 200—
400 mm, and the majority of the precipitation occurs
from July to September [69]. In addition, the average
annual evaporation and temperature are approximately
2000 mm and — 0.8 °C, respectively [70]. The thick stem
samples with the purple substance visible on the inside,
corresponding to the traditional medicinal standard [2],
were named SSP in this study, while the thin twig sam-
ples without the purple substance were named TSP. The
source shrubs were at the mature stage, and the ages of
SSP and TSP were approximately 30 and 10 years, respec-
tively, according to their annual rings. The samples were
collected in July, which is the wettest period [69] but it
is also the period of the year when S. pinnatifolia grows
most vigorously. All samples were frozen in liquid nitro-
gen and stored in an ultra-low temperature refrigerator
at -80 °C. The collection of S. pinnatifolia was permitted
by the fourth national survey of Chinese matiera medica
resources in China, and complied with the IUCN policy
statement on research involving species at risk of extinc-
tion and the convention on the trade in endangered
species of wild fauna and flora, as well as the relevant
guidelines and legislation in China. The identification of
S. pinnatifolia was performed by Dr. Suyile Chen from
Alashan Mongolian Hospital, and the specimen was
deposited in the herbarium of National Resource Center
for Chinese Materia Medica, China Academy of Chinese
Medical Sciences.

Page 12 of 16

Staining and microscopic observation

A Leica CM1860 freezing microtome (Leica Microsys-
tems Inc., Wetzlar, Germany) was used to slice stem sam-
ples into microsections. The microsections were stained
with Safranin O for subsequent microscopic observation
under an Olympus EX51 microscope (Olympus Corpo-
ration, Tokyo, Japan). Measurement of the structures in
photomicrographs was carried out using Image Pro-Plus
(Media Cybernetics, Rockville, Maryland, USA), and the
significance of differences was estimated by the Student’s
t-test using IBM SPSS Statistics 22 (IBM, Armonk, New
York, USA).

Non-targeted metabolome analysis by HS-SPME-GC-MS
Three technical repeats of the stem or twig samples were
mixed as one biological repeat, and there were three bio-
logical repeats each in the SSP and TSP samples. The stem
samples were ground into powder in liquid nitrogen, added
to a 20 mL headspace vial (Agilent, Palo Alto, California,
USA) capped by PTFE-silicone headspace septa, and then
incubated at 60 C for 10 min. Subsequently, a 65 pm DVB/
CAR/PDMS fiber needle (Supelco, Bellefonte, Pennsylva-
nia, USA) was exposed to the vial for 20 min at 60 ‘C. After
sampling, the fiber needle was inserted into the injection
port of the 7890B GC apparatus (Agilent) for desorption
in the splitless mode at 250 °C for 5 min. The identifica-
tion and quantification of the metabolites were performed
using the 7890B GC and 7000D MS (Agilent) equipped
with a DB-5MS capillary column (30 m x 0.25 mm x
1.0 pm). The carrier gas was helium, and the velocity was
1.0 mL/min. The injector and detector temperatures were
250 °C and 280 C, respectively. The oven was heated at 40
°C for 5 min, and the temperature was increased at a rate of
6 ‘C/min to 280 °C and then held for 5 min. In El ionization
mode at 70 eV, the temperature of the quadrupole mass
detector was 150 “C and those of the ion source and trans-
fer line were 230 “C and 280 ‘C, respectively. In addition,
the scanning m/z range of MS was 30-350. The mixture
of samples was inserted as the quality control (QC) for
every 10 samples. The metabolites were identified by com-
paring the detected spectra with the data system library
(MWGC). PCA, OPLS-DA, and differential metabolite
analyses were performed using the R package MetaboAn-
alystR [71]. DAMs were identified for metabolites if they
had an FDR<0.05, a VIP > 1, and |log,FC| values> 1.

Widely targeted metabolome analysis

by UHPLC-QTRAP-MS/MS

The repeats and groups analyzed in UHPLC-QTRAP-
MS/MS were the same as those analyzed in HS-
SPME-GC-MS. After the grinding process, 100 mg of
the resulting powder was dissolved in 1.2 mL of 70%
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methanol solution, vortexed for 30 s every 30 min for 3 h,
and then kept in a refrigerator at 4 “C overnight. After
centrifugation at 12,000 rpm for 10 min, the superna-
tant was filtered through a 0.22 pym membrane (ANPEL,
Shanghai, China) before sampling. The column model in
the UHPLC apparatus (Shimadzu Corporation, Kyoto,
Japan) was an Agilent SB-C18 column (1.8 pm, 2.1 mm
x 100 mm), and the mobile phase consisted of solvent
A (pure water with 0.1% formic acid) and solvent B
(acetonitrile with 0.1% formic acid). The gradient elu-
tion began with a composition of 95% A+5% B, and it
changed into 5% A +95% B in 9 min at a linear velocity,
with 1 min of holding time. Subsequently, the ratio of B
decreased to 5% in 1.1 min, and it was kept for 2.9 min.
The temperature of the column oven was set at 40 °C, and
the flow velocity and injection volume were 0.35 mL/
min and 4 pL, respectively. Measurements were con-
ducted using a linear ion trap (LIT) and triple quadru-
pole scans in the AB4500 triple quadrupole-linear ion
trap mass spectrometer (Applied Biosystems, Waltham,
MA, USA) equipped with an ESI Turbo Ion-Spray inter-
face. The source temperature was set at 550 C with high
collision-activated dissociation. The ion spray voltages
were 5500 V and 4500 V in the positive and negative ion
modes, respectively. The pressure parameters of the ion
source gas I (GSI), gas II (GSII), and curtain gas (CUR)
were 50, 60, and 25 psi, respectively. The tuning and cali-
bration of the system were adjusted with 100 umol/L and
10 pmol/L polypropylene glycol solutions in the LIT and
triple quadrupole modes, respectively. In the triple quad-
rupole scans, multiple reaction monitoring (MRM) was
used for quantification, and nitrogen was used as the
collision gas set to the medium. After optimization of
the declustering potential and entrance potential, MRM
transitions were monitored for each period based on the
metabolites eluted within this period. The quality control,
processing, and analysis of the data were conducted in
the same manner as in HS-SPME-GC-MS.

RNA extraction and transcriptome sequencing

Three biological replicates of SSP and TSP were used
for RNA extraction in preparation for sequencing. After
grinding the samples in liquid nitrogen, 200 mg of pow-
der was used for RNA extraction with the TRIzol " rea-
gent (Thermo Fisher Scientific, Waltham, MA, USA)
following the manufacturer’s instructions. The integrity
of the RNA was examined by agarose gel electrophoresis,
and RNA purity was determined using a NanoDrop2000
spectrophotometer (Thermo Fisher Scientific). There-
after, 0.5 pg of RNA per sample was reverse-transcribed
into single-stranded cDNA using the PrimeScript’ RT
reagent Kit with gDNA Eraser (TakaraBio, Kusatsu,
Japan), according to the manufacturer’s instructions.
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Second-strand cDNA was synthesized using DNA poly-
merase, RNase, and dNTPs. After end-repair, A-tailing,
and indexing ligation, AMPure XP (Beckman Coulter,
Inc., Brea, CA, USA) was used for purification. For fur-
ther amplification, cDNA libraries were constructed.
After diluting the cDNA libraries to 1.5 ng/pL, the Agi-
lent 2100 bioanalyzer was used to check the insert size.
Finally, RNA sequencing was performed on the Illumina
HiSeq platform (Illumina, San Diego, CA, USA). The data
were deposited in the Genome Sequence Archive [72] of
the National Genomics Data Center [73] under the acces-
sion number CRA005390, which is publicly accessible
at https://ngdc.cncb.ac.cn/gsa. Transcriptome assembly
was performed using the Trinity method [74].

Bioinformatics analysis of transcriptome data

The genes were annotated based on the NR, NT, Pfam,
SwissProt, KEGG, GO, and KOG databases using
Blast2GO [75], Diamond [76], KAAS [77], HMMscan
[78], and BLAST+ [79]. Transcription factors were pre-
dicted using iTAK [80], and gene expression was quanti-
fied by FPKM [81] using RSEM software [82]. Differential
analysis of the genes was carried out using edgeR [83]
with a negative binomial generalized log-linear model.
DEGs were identified when the following criteria were
met: log,FC>1 or < -1 and FDR<0.05. For GO and KEGG
annotations, custom datasets were constructed and used
for enrichment analysis by clusterProfiler [84]. Significant
GO terms or KEGG pathways were selected when FDR
values were <0.05.

qRT-PCR analysis

The qRT-PCR was conducted using the LightCycler®
480 System (Roche, Basel, Switzerland). The reaction
solution was mixed with 5 pL of TB Green Premix Ex
Taq II (TakaraBio), 3 pL of nuclease-free water, 1 pL of
c¢DNA, 0.5 pL of forward primer (10 uM), and 0.5 pL of
reverse primer (10 pM). The program of the qRT-PCR
was set as follows: 94 ‘C for 1 min, 40 cycles of 94 °C
for 10 s, and 60 °C for 34 s. Finally, at 1.0 C/s, the tem-
perature was increased from 60 °C to 95 ‘C to obtain the
melting curves. There were four biological repeats in the
qRT-PCR, each with three technical repeats. Detailed
information on the primers is provided in Supplemen-
tary Table S9, and TBP was chosen as the reference gene
based on a previous study [68]. Gene expression was cal-
culated using the 2722 method [85].
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reductoisomerase; FPP: Farnesyl diphosphate; PAL: Phenylalanine ammonia
lyase; DP: Dirigent protein; MAPK: Mitogen-activated protein kinase;

ROS: Reactive oxygen species; HS-SPME-GC-MS: Headspace-solid-phase
microextraction-gas chromatography-mass spectrometry; El: Electron
impact; TIC: Total ions current; QC: Quality control; PCA: Principal com-
ponent analysis; OPLS-DA: Orthogonal partial least squares-discriminant
analysis; VIP: Variable importance in projection; FDR: False discovery rate;
UHPLC-QTRAP-MS/MS: Ultra-high-performance liquid chromatography
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line; LPE: Lysophosphatidylethanolamine; NR: NCBI non-redundant protein
sequences; NT: NCBI nucleotide sequences; KEGG: Kyoto Encyclopedia of
Genes and Genomes; GO: Gene Ontology; KOG: Clusters of orthologous
groups for eukaryotic complete genomes; FC: Fold change; gRT-PCR:
Quantitative reverse transcription-PCR; BP: Biological process; CC: Cel-
lular component; MF: Molecular function; PR: Pathogenesis-related; NLR:
Nucleotide-binding leucine-rich repeat; CAD: Cinnamyl alcohol dehydro-
genase; MTI: Microbial-associated molecular pattern-triggered immunity;
ETI: Effector-triggered immunity.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-022-03537-5.

[ Additional file 1. }

Acknowledgements

The authors are grateful to Professor Xingyun Chai from the Beijing University
of Chinese Medicine for his assistance during the collection of wild S. pin-
natifolia samples.

Authors’ contributions

J.G. wrote the manuscript and analyzed the data. J.G, L.J, and J.L. performed
the experiment. T.L. and C.J. validated and supervised the data analysis. S.C.
provided the resources. L.H. and J.L. acquired the funding, designed the
project, and contributed to the reviewing and editing of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding

This research was funded by the CACMS Innovation Fund (CI2021A04101)
and the Fundamental Research Funds for the central public welfare research
institutes (ZZ13-YQ-093-C1, ZZXT202112).

Availability of data and materials

The RNA-seq data have been deposited in the Genome Sequence Archive in
the National Genomics Data Center under the accession number CRA005390,
which is publicly accessible at https://ngdc.cncb.ac.cn/gsa.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details

'Institute of Traditional Chinese Medicine, Tianjin University of Traditional Chi-
nese Medicine, 301617 Tianjin, China. >National Resource Center for Chinese
Materia Medica, China Academy of Chinese Medical Sciences, 100700 Beijing,
China. *Research Institute of Wood Industry, Chinese Academy of Forestry,
100091 Beijing, China. *Alashan Mongolian Hospital, Alashan East Banner

of Alashan, 75030 Inner Mongolia, China.

Page 14 of 16

Received: 9 December 2021 Accepted: 16 March 2022
Published online: 22 March 2022

References

1. Zhao M, Zhang, Xin Z, Meng X, Wang W. The complete chloro-
plast genome of Syringa oblata (Oleaceae). Mitochondrial DNA B.
2020;5:2278-2279.

2. State Administration of TCM: Chinese materia medica. Shanghai: Shang-
hai Scientific and Technical Publishers; 2004.

3. Kumar§, Singh B, Singh R. Catharanthus roseus (L.) G. Don: A review of
its ethnobotany, phytochemistry, ethnopharmacology and toxicities. J
Ethnopharmacol. 2021,284:114647.

4. LiuCX, Jiao SG, Zhou XC, Li AN, M XJ, Wuken SN, et al. An updated phyto-
chemical and pharmacological progress on Syringa pinnatifolia. China J
Chin Mater Med. 2020;45:4196-4204.

5. ZhangR, Feng X, Su G, Mu Z, Zhang H, Zhao Y, et al: Bioactive sesquit-
erpenoids from the peeled stems of Syringa pinnatifolia. J Nat Prod.
2018;81:1711-1720.

6. Ao WLJ,Wang QH, SiQ, Mu D, Sa RenTu Y, Dai NYT, et al. The structural
elucidation and antimicrobial activities of two new sesquiterpenes from
Syringa pinnatifolia Hemsl. Chin J Nat Med. 2012;10:477-480.

7. Zhang RF, Feng X, Su GZ,Yin X, Yang XY, Zhao YF, et al. Noralashinol B, a
norlignan with cytotoxicity from stem barks of Syringa pinnatifolia. J Asian
Nat Prod Res. 2017;19:416-422.

8. SuG, Zhang R, Yang X, Bai R, Yin X, Gao X, et al. Lignans from the stem
bark of Syringa pinnatifolia. Fitoterapia. 2016;114:63-68.

9. Oldfield E, Lin FY. Terpene biosynthesis: modularity rules. Angew Chem,
Int Ed Engl. 2012;51:1124-1137.

10. Tholl D: Biosynthesis and biological functions of terpenoids in plants. In:
Schrader, J, Bohlmann, J, editors. Biotechnology of Isoprenoids. Cham:
Springer International Publishing; 2015. p. 63-106.

11. Bansal S, Narnoliya LK, Mishra B, Chandra M, Yadav RK, Sangwan NS:
HMG-CoA reductase from Camphor Tulsi (Ocimum kilimandscharicum)
regulated MVA dependent biosynthesis of diverse terpenoids in homolo-
gous and heterologous plant systems. Sci Rep. 2018;8:3547.

12. Estevez JM, Cantero A, Reindl A, Reichler S, Leon P. 1-Deoxy-D-xylulose-
5-phosphate synthase, a limiting enzyme for plastidic isoprenoid biosyn-
thesis in plants. J Biol Chem. 2001,276:22901-22909.

13. Jadaun JS, Sangwan NS, Narnoliya LK, Singh N, Bansal S, Mishra B, et al.
Over-expression of DXS gene enhances terpenoidal secondary metabo-
lite accumulation in rose-scented geranium and Withania somnifera:
active involvement of plastid isoprenogenic pathway in their biosynthe-
sis. Physiol Plant. 2017;159:381-400.

14. You MK, Lee YJ, Kim JK, Baek SA, Jeon YA, Lim SH, et al. The organ-specific
differential roles of rice DXS and DXR, the first two enzymes of the MEP
pathway, in carotenoid metabolism in Oryza sativa leaves and seeds. BMC
Plant Biol. 2020,20:167.

15. Carretero-Paulet L, Ahumada |, Cunillera N, Rodriguez-Concepcion M,
Ferrer A, Boronat A, et al. Expression and molecular analysis of the Arabi-
dopsis DXR gene encoding 1-deoxy-D-xylulose 5-phosphate reductoi-
somerase, the first committed enzyme of the 2-C-methyl-D-erythritol
4-phosphate pathway. Plant Physiol. 2002;129:1581-1591.

16. Xing S, Miao J, Li S, Qin G, Tang S, Li H, et al. Disruption of the 1-deoxy-
D-xylulose-5-phosphate reductoisomerase (DXR) gene results in albino,
dwarf and defects in trichome initiation and stomata closure in Arabidop-
sis. Cell Res. 2010;20:688-700.

17. Degenhardt J, Kollner TG, Gershenzon J. Monoterpene and sesquiterpene
synthases and the origin of terpene skeletal diversity in plants. Phyto-
chemistry. 2009;70:1621-1637.

18. Umezawa T. Diversity in lignan biosynthesis. Phytochem Rev.
2003;2:371-390.

19. Lewis NG, Davin LB, Sarkanen S. Lignin and lignan biosynthesis: distinc-
tions and reconciliations. In Lignin and Lignan Biosynthesis. Washington,
D.C.: American Chemical Society; 1998. p. 1-27.

20. Ma RF, Liu QZ, XiaoY, Zhang L, Li Q, Yin J, et al. The phenylalanine
ammonia-lyase gene family in /satis indigotica FORT.: molecular
cloning, characterization, and expression analysis. Chin J Nat Med.
2016;14:801-812.


https://doi.org/10.1186/s12870-022-03537-5
https://doi.org/10.1186/s12870-022-03537-5
https://ngdc.cncb.ac.cn/gsa

Gao et al. BMC Plant Biology

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31
32.

33.

34.

35.

36.
37.
38.

39.

40.

41.

42.

43.

44,
45,

46.

47.

(2022) 22:132

Pickel B, Schaller A. Dirigent proteins: molecular characteristics and
potential biotechnological applications. Appl Microbiol Biotechnol.
2013;97:8427-8438.

Piasecka A, Jedrzejczak-Rey N, Bednarek P. Secondary metabolites in
plant innate immunity: conserved function of divergent chemicals.
New Phytol. 2015;206:948-964.

Muthamilarasan M, Prasad M. Plant innate immunity: an updated
insight into defense mechanism. J Biosci. 2013;38:433-449.

VanEtten HD, Mansfield JW, Bailey JA, Farmer EE. Two classes of

plant antibiotics: phytoalexins versus “phytoanticipins”. Plant Cell.
1994;6:1191-1192.

Paxton JD. Phytoalexins — a working redefinition. J Phytopathol.
1981;101:106-109.

Jeandet P, Clement C, Courot E, Cordelier S. Modulation of phytoalexin
biosynthesis in engineered plants for disease resistance. Int J Mol Sci.
2013;14:14136-14170.

Pitzschke A, Schikora A, Hirt H. MAPK cascade signalling networks in
plant defence. Curr Opin Plant Biol. 2009;12:421-426.

Garcia-Brugger A, Lamotte O, Vandelle E, Bourque S, Lecourieux D,
Poinssot B, et al. Early signaling events induced by elicitors of plant
defenses. Mol Plant-Microbe Interact. 2006;19:711-724.

Ishihama N, Yoshioka H. Post-translational regulation of WRKY
transcription factors in plant immunity. Curr Opin Plant Biol.
2012;15:431-437.

Yuan X, Wang H, Cai J, Li D, Song F. NAC transcription factors in plant
immunity. Phytopathol Res. 2019;1:3.

Tsuda K, Somssich IE. Transcriptional networks in plant immunity. New
Phytol. 2015;206:932-947.

Ross CA, LiuY, Shen QJ. The WRKY gene family in rice (Oryza sativa). J
Integr Plant Biol. 2007,49:827-842.

Xu YH, Wang JW, Wang S, Wang JY, Chen XY. Characterization of
GaWRKY1, a cotton transcription factor that regulates the sesquiter-
pene synthase gene (4)-delta-cadinene synthase-A. Plant Physiol.
2004;135:507-515.

Song N, Ma L, Wang W, Sun H, Wang L, Baldwin IT, et al. An ERF2-like
transcription factor regulates production of the defense sesquit-
erpene capsidiol upon Alternaria alternata infection. J Exp Bot.
2019;70:5895-5908.

State Environmental Protection Administration of China and Chinese
Academy of Sciences. List of Chinese rare and endangered plants. Bull
Biol. 1987,7:23-28.

Zhang G, Liu L, Wang M, Chen Y. Chemical constituents of volatile oils
from Syringa pinnatifolia. Chin Pharm J. 1994,29:271-273.

Suzuki S, Umezawa T. Biosynthesis of lignans and norlignans. J Wood Sci.
2007,53:273-284.

Gutterson N, Reuber TL. Regulation of disease resistance pathways by
AP2/ERF transcription factors. Curr Opin Plant Biol. 2004,7:465-471.
Feng X, Su G, Ye Y, Zhang R, Yang X, Du B, et al. Alashinols F and G,

two lignans from stem bark of Syringa pinnatifolia. Nat Prod Res.
2017;31:1555-1560.

Huang M, Jiao S, Ge F, Shana W, Li A, Zhou X, et al. (4-/-)-Alashanoid N,
two enantiomeric sesquiterpenes from Syringa pinnatifolia. Chem Biodi-
versity. 2021;18:2001065.

Welti R, Li W, Li M, Sang Y, Biesiada H, Zhou HE, et al. Profiling membrane
lipids in plant stress responses. Role of phospholipase D alpha in freezing-
induced lipid changes in Arabidopsis. J Biol Chem. 2002;277:31994-32002.
Ryu SB. Phospholipid-derived signaling mediated by phospholipase A in
plants. Trends Plant Sci. 2004;9:229-235.

Scherer GFE. Secondary messengers and phospholipase A2 in auxin sig-
nal transduction. In: Perrot-Rechenmann, C. and Hagen, G. editors. Auxin
Molecular Biology. Dordrecht: Springer Netherlands; 2002. p. 357-372.
Flora of China Editorial Committee of Chinese Academy of Sciences. Flora
of China. Beijing: Science Press; 1996.

Vranov E, Coman D, Gruissem W. Network analysis of the MVA and MEP
pathways for isoprenoid synthesis. Annu Rev Plant Biol. 2013;64:665-700.
Bergman ME, Davis B, Phillips MA. Medically useful plant terpenoids:
biosynthesis, occurrence, and mechanism of action. Molecules.
2019;24:3961.

Boncan DAT, Tsang SSK, Li C, Lee IHT, Lam HM, Chan TF, et al. Terpenes
and terpenoids in plants: interactions with environment and insects. Int J
Mol Sci. 2020;21:7382.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 150f 16

Beale MH, Birkett MA, Bruce TJA, Chamberlain K, Field LM, Huttly AK; et al.
Aphid alarm pheromone produced by transgenic plants affects aphid
and parasitoid behavior. Proc Natl Acad Sci USA. 2006;103:10509-10513.
Rasmann S, Kollner TG, Degenhardt J, Hiltpold |, Toepfer S, Kuhimann U,
et al. Recruitment of entomopathogenic nematodes by insect-damaged
maize roots. Nature. 2005;434:732-737.

Tan CS, Isa NM, Ismail I, Zainal Z. Agarwood induction: current develop-
ments and future perspectives. Front Plant Sci. 2019;10:122.

Bhuiyan NH, Selvaraj G, Wei Y, King J. Role of lignification in plant defense.
Plant Signaling Behav. 2009;4:158-159.

Harmatha J, Dinan L. Biological activities of lignans and stilbenoids
associated with plant-insect chemical interactions. Phytochem Rev.
2003;2:321-330.

Bagniewska-Zadworna A, Barakat A, Lakomy P, Smolinski DJ, Zadworny M.
Lignin and lignans in plant defence: insight from expression profiling of
cinnamyl alcohol dehydrogenase genes during development and follow-
ing fungal infection in Populus. Plant Sci. 2014,229:111-121.

Prasannath K. Plant defense-related enzymes against pathogens: a
review. AGRIEAST: J Agric Sci. 2017;11:38-48.

Park CJ, Caddell DF, Ronald PC. Protein phosphorylation in plant
immunity: insights into the regulation of pattern recognition receptor-
mediated signaling. Front Plant Sci. 2012;3:177.

BollerT, Felix G. A renaissance of elicitors: perception of microbe-asso-
ciated molecular patterns and danger signals by pattern-recognition
receptors. Annu Rev Plant Biol. 2009;60:379-406.

Schulze B, Mentzel T, Jehle AK, Mueller K, Beeler S, Boller T, et al. Rapid
heteromerization and phosphorylation of ligand-activated plant
transmembrane receptors and their associated kinase BAK1. J Biol Chem.
2010,285:9444-9451.

Yu ZX, Li JX, Yang CQ, Hu WL, Wang LJ, Chen XY. The jasmonate-
responsive AP2/ERF transcription factors AaERF1 and AaERF2 positively
regulate artemisinin biosynthesis in Artemisia annua L. Mol Plant.
2012;5:353-365.

Ma R, Xiao Y, Lv Z, Tan H, Chen R, Li Q, et al. AP2/ERF transcription factor,
1i049, positively regulates lignan biosynthesis in Isatis indigotica through
activating salicylic acid signaling and lignan/lignin pathway genes. Front
Plant Sci. 2017;8:1361.

Rushton PJ, Somssich IE, Ringler P, Shen QJ. WRKY transcription factors.
Trends Plant Sci. 2010;15:247-258.

Schluttenhofer C, Yuan L. Regulation of specialized metabolism by WRKY
transcription factors. Plant Physiol. 2015;167:295-306.

Chen M, YanT, Shen Q, Lu X, Pan Q Huang Y, et al. GLANDULAR TRI-
CHOME-SPECIFICWRKY 1 promotes artemisinin biosynthesis in Artemisia
annua. New Phytol. 2017;214:304-316.

XiaoY, Feng J, Li Q Zhou Y, Bu Q, Zhou J, et al. IWRKY34 positively regu-
lates yield, lignan biosynthesis and stress tolerance in /satis indigotica.
Acta Pharm Sin B. 2020;10:2417-2432.

Arora R, Kumar A, Singh IK, Singh A. Pathogenesis related proteins: a
defensin for plants but an allergen for humans. Int J Biol Macromol.
2020;157:659-672.

Liu J, Gao JQ, Chen SYL, Jiang C, Yuan Y, Jiao SG, et al. Analysis of bacterial
community structure and diversity during mountain-agarwood forma-
tion. China J Chin Mater Med. 2020;45:3651-3658.

Dodds PN, Rathjen JP. Plant immunity: towards an integrated view of
plant-pathogen interactions. Nat Rev Genet. 2010;11:539-548.

Wu L, Chen H, Curtis C, Fu ZQ. Go in for the kill: how plants deploy effec-
tor-triggered immunity to combat pathogens. Virulence. 2014;5:710-721.
Gao J, Liu J, Jiang C, Chen S, Huang L. Identification of suitable refer-
ence genes for studies of Syringa pinnatifolia Hemsl. FEBS Open Bio.
2021;11:1041-1053.

Lin YM, Nan XX, Hu ZR, Li XQ, Wang F. Fractional vegetation cover change
and its evaluation of ecological security in the typical vulnerable ecologi-
cal region of Northwest China: Helan Mountain, Ningxia Province. J Ecol
Rural Environ. 2021;38:1-13.

Ma JP, Pang DB, Chen L, Wan HY, Chen GL, Li XB. Characteristics of soil
microbial community structure under vegetation at different altitudes in
Helan Mountains. Acta Ecol Sin. 2022;42:1-10.

Chong J, Xia J. MetaboAnalystR: an R package for flexible and reproduc-
ible analysis of metabolomics data. Bioinformatics. 2018;34:4313-4314.
Wang Y, Song F, Zhu J, Zhang S, Yang Y, Chen T, et al. GSA: Genome
Sequence Archive. Genomics, Proteomics Bioinf. 2017;15:14-18.



Gao et al. BMC Plant Biology

73.

74.

75.

76.

77.

78.
79.

80.

82.

83.

84.

85.

(2022) 22:132

National Genomics Data Center Members and Partners. Database
resources of the National Genomics Data Center in 2020. Nucleic Acids
Res. 2020;48:D24-D33.

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit |, et al.
Full-length transcriptome assembly from RNA-Seq data without a refer-
ence genome. Nat Biotechnol. 2011;29:644-652.

Gotz S, Garcia-Goémez JM, Terol J, Williams TD, Nagaraj SH, Nueda MJ,

et al. High-throughput functional annotation and data mining with the
Blast2GO suite. Nucleic Acids Res. 2008;36:3420-3435.

Buchfink B, Xie C,, Huson DH. Fast and sensitive protein alignment using
DIAMOND. Nat Methods. 2015;12:59-60.

Moriya Y, Itoh M, Okuda S, Yoshizawa AC, Kanehisa M. KAAS: an automatic
genome annotation and pathway reconstruction server. Nucleic Acids
Res. 2007,35:W182-W185.

Eddy SR. Accelerated profile HMIM searches. PLoS Comput Biol.
2011;7:1002195.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al.

BLAST+: architecture and applications. BMC Bioinf. 2009;10:421.
ZhengY, Jiao C, Sun H, Rosli HG, Pombo MA, Zhang P, et al. iTAK: a pro-
gram for genome-wide prediction and classification of plant transcrip-
tion factors, transcriptional regulators, and protein kinases. Mol Plant.
2016;9:1667-1670.

. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, et al.

Transcript assembly and quantification by RNA-Seq reveals unannotated
transcripts and isoform switching during cell differentiation. Nat Biotech-
nol.2010,28:511-515.

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq
data with or without a reference genome. BMC Bioinf. 2011;12:323.
Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package
for differential expression analysis of digital gene expression data. Bioin-
formatics. 2009;26:139-140.

WuT,Hu E, Xu'S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: a
universal enrichment tool for interpreting omics data. The Innovation.
2021;2:100141.

Livak,KJ, Schmittgen TD. Analysis of relative gene expression data

using real-time quantitative PCR and the 27T method. Methods.
2001,25:402-408.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Metabolome and transcriptome analyses identify the plant immunity systems that facilitate sesquiterpene and lignan biosynthesis in Syringa pinnatifolia Hemsl.
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Phenotypes and microscopic observations of SSP and TSP
	Analysis of volatile organic compounds related to sesquiterpenes in S. pinnatifolia
	Analysis of non-volatile organic compounds related to lignans in S. pinnatifolia
	Profiles of RNA sequencing and transcriptome differences between SSP and TSP
	Overrepresentation analyses of DEGs and verification using quantitative reverse transcription-PCR (qRT-PCR)
	Biosynthetic pathways of sesquiterpenes and lignans
	Gene expression of the DEGs involved in plant immunity

	Discussion
	Conclusions
	Materials and methods
	Plant materials
	Staining and microscopic observation
	Non-targeted metabolome analysis by HS-SPME-GC-MS
	Widely targeted metabolome analysis by UHPLC-QTRAP-MSMS
	RNA extraction and transcriptome sequencing
	Bioinformatics analysis of transcriptome data
	qRT-PCR analysis

	Acknowledgements
	References


